This paper describes work that demonstrated the feasibility of producing a gated digital holography system that is capable of producing high-resolution images of three-dimensional particle and structure details deep within dense particle fields of a spray. We developed a gated picosecond digital holocamera, using optical Kerr cell gating, to demonstrate features of gated digital holography that make it an exceptional candidate for this application. The Kerr cell gate shuttered the camera after the initial burst of ballistic and snake photons had been recorded, suppressing longer path, multiple scattered illumination. By starting with a CW laser without gating and then incorporating a picosecond laser and an optical Kerr gate, we were able to assess the imaging quality of the gated holograms, and determine improvement gained by gating. We produced high quality images of 50-200 µm diameter particles, hairs and USAF resolution charts from digital holograms recorded through turbid media where more than 98% of the light was scattered from the field. The system can gate pulses as short as 3 mm in pathlength (10 ps), enabling image-improving features of the system. The experiments lead us to the conclusion that this method has an excellent capability as a diagnostics tool in dense spray combustion research.
INTRODUCTION
There has been a demand for many years for diagnostic tools in spray combustion research directed to improving operating stability and efficiency in turbine engines. These critically depend upon fuel and oxidizer mixing processes, which involve breakup and atomization in dense sprays [1, 2] . The ability to view the breakup and atomization processes in detail is needed to provide knowledge vital to improving the processes. Photography, holography, and x-ray imaging, which have been used for many years in such research, [3, 4] , have failed to provide views because noise from combine these methods. A critical question involves producing high quality digital holograms with picosecond gated pulses. We approached the problem experimentally with the objective to assess the feasibility of combining the methods and characterizing the resulting system as a practical, improved diagnostics tool for dense sprays. Figure 1 shows the digital holocamera design. The laser output is split into three different beams, 1) the fundamental, 1.06 µm beam, which is used to open the Kerr gate, 2) a second harmonic beam to pass through the particle field as an object wave, and 3) another second harmonic beam that passes around the particle field to act as a reference wave for the hologram. All three pulses are initially path-matched carefully when they arrive at the Kerr cell. Normally, with Gabor (in-line) holography, a separate reference wave is not employed. The light scattered by particles is mixed with the unscattered light to form the Gabor hologram. For this application, however, we anticipated very little unscattered light and therefore provided an independent reference wave. These two waves must be matched at the recording (hologram) plane precisely, with an error much less than the length of the gated pulse (better than one mm).
The gate pulse is adjusted with the delay line to arrive at the Kerr gate just before the holography pulse arrives. The overlap time of these two pulses will determine the effective gating time. When the Kerr gate is open, the object and reference waves pass through and are recorded on the digital camera.
The system employed a telecentric lens configuration to enable us to transfer the image of the object field into the optimal position for the holographic recording. The laser employed in the experimental system is an Ekspla PL2143B, a mode locked Nd/YAG, picosecond laser. The pulse duration can be selected between 10 and 35 ps. Two wavelengths are used: the fundamental, λ 1 = 1064 nm, to pump the Kerr cell and the second harmonic, λ 2 = 532 nm, in the detection scheme. The power of the laser is well in excess of what is required to drive the Kerr cell, to penetrate a dense spray, and to expose a typical electronic sensor array. Therefore, in the experiment, the fundamental pulse energy was set at 0.6 mJ and the second harmonic was below 6 µJ. The large wavelength difference between λ 1 and λ 2 made it relatively easy to separate light from the Kerr cell trigger pulse and that from the data pulse. The repetition rate of this laser is 10 Hz, so that with a CMOS camera with only modest frame transfer capabilities we can still record a hologram with every laser shot. Clearly, this was not the optimum choice for the system since the shortest effective practical gating time is about 10 ps, well above the 2 ps minimum achievable gating time of the CS 2 Kerr cell. To combine the ballistic photon and holographic imaging we need a laser pulse short enough to enhance the ballistic photon detection and long enough to allow holographic recording with acceptable spatial resolution. In sprays, the time spread of ballistic photons versus multiply scattered photons depends on both optical density and path length, but it is of the order of a few picoseconds [19] [20] [21] . A subpicosecond rising time of the probe laser pulse is needed to better separate ballistic and snake photons from scattered photons. In studies of ballistic imaging, femtosecond laser pulses are used [7] [8] [9] [10] [11] . In most of the experiments, a CS 2 Kerr gate with 1.8 ps relaxation time was used, although subpicosecond gating is possible [20] . Holographic imaging with ultrashort pulses has different requirements. A minimal coherence length is required even with inline holography, because off-axis light rays scattered by particles and ligaments must be recorded in the hologram to retain resolution in the image. Off axis rays travel a longer pathlength than the reference wave pathlength. The coherence length must be at least large enough to accommodate this effect. Depending on the particular experiment the optimal pulse duration will vary but we estimate that for our experiment pulse duration in the order 0.5-1 ps is favorable [20, 21] .
DIGITAL HOLOGRAPHY RECORDING AND WAVEFRONT RECONSTRUCTION
We adapted a standard digital hologram reconstruction algorithm [22, 23] to this application assuming in-line holography, which is strictly the case with the current system only if the reference wave is precisely aligned parallel to the axis of the object wave. The reconstruction software should produce good reconstructed images as long as the reference wave and object wave travel along the same optical axis and the reference wave remains collimated. We can assure this if we have the order of a fringe or less in the interference pattern. By transferring the image with a telecentric lens system, the reference wave remains collimated so the inline holography equations remain applicable.
Various parameters control the resolution of the hologram, including the coherence length and the pixel size. Off-axis rays of light needed for higher resolution are not recorded in the hologram when their path length increase exceeds the coherence length. Likewise, they are not recorded when the fringes formed by the interference of the object and reference wave are spaced by less than the pixel spacing. In this application the reconstruction process, as well as the subsequent imaging process and scanning through the sample volume is computational; everything is done in a computer and the focused images are displayed on a monitor.
CW digital holography experiments
At first we tested the concept using essentially the same optics shown in Figure 1 but with a CW green laser and without the optical Kerr gate. The relative ease of alignment and filtering enabled us to produce what we considered to be the ideal, highest quality, digital hologram for comparison with those produced in the gated pulsed system. These holograms represent the best that holography can be expected to provide. This also allowed us to evaluate the features of the system that do not depend on, and are not influenced by, the Kerr gate. Experiments with the CW system concentrated on producing good quality digital holograms, adapting wavefront reconstruction software, and testing both the recording and reconstruction system. We showed that the system can resolve good quality image reconstructions of crossed 70 µm diameter hairs separated in space by 100 mm. We introduced a scattering cell into the optical path and introduced various scattering suspensions in the optical path. For these experiments we used a Meade camera with pixel size 8.3 × 8.6 µm and chip dimension 5.88 × 4.88 mm (8mm diagonal), which is effectively the hologram diameter. Figure 2 displays the hologram and associated reconstructed images of a pair of hairs separated by 100 mm along the optical axis. These figures show how the reconstructed images move through focus and indicated a depth of field resolution better than one mm. As the image approaches optimum focus, its diffraction pattern converges into a sharp image. Other fringes in the figure are the diffraction patterns of out of focus images. The fringes that are parallel to the focused image comprise the diffraction pattern of the conjugate image of the hair. In this case there are no windows and no Kerr cell; hence, these are the best images obtainable with the specific configuration and they serve as a baseline for images as the system complexity increases.
From this point, we added degrees of complexity to the system to assess effects on the imaging process. A scattering cell with a clear liquid and imperfect windows was added into system and the resulting images are shown in Figure 3 , showing a slight reduction in image quality.
Then we gradually added scattering particles to the water to decrease the transmission to about 2%. Particles included milk for small particles and polystyrene spheres for particles up to 90 µm. These scattering solutions were calibrated for later use with the picosecond holocamera. Figure 4 illustrates the scattering of a laser beam passing through the scattering cells with a milk solution (very small scattering particles) and with polystyrene (10 µm scattering particles). The laser beam enters from right to left. The bright central dot represents ballistic and "snake" photons. The larger area around the bright center represents wide angle and multiple scattering photons. Clearly, the small particle emulsion scatters the light over much wider angles than does the larger particle suspensions.
With the small particles, the wide angle scattered illumination was easily removed by the spatial filtering action of the system, and the ballistic and snake photons still greatly exceeded the scattered noise information that cleared the spatial filter even when over 98% of the light was scattered out of the main beam. The milk emulsion acted more like a neutral density filter with regard to imaging, so image quality remained relatively high. With larger scattering particles, more light is scattered at narrow angles as shown in Figure 4 (b). Spatial filtering is not applicable to narrow angle scattering since this light is actually needed to image particles and ligaments. Spatial filters would then remove information as well as noise, since the higher Fourier components are needed to image high resolution. There is an important tradeoff, therefore, in removing noise and information at the same time. Spatial filtering is, of course, not unique to holographic recording, and has been employed by others to reduce noise.
Holography, however, has the potential for enhancing imaging through a scattering environment in at least two ways. First, the only light that contributes to forming the 356 Probing dense sprays with gated, picosecond, digital particle field holography hologram is light that is coherent with the reference wave. Scattered light becomes temporally incoherent with the reference wave if it travels a pathlength exceeding the coherence length of the laser. It becomes spatially incoherent through multiple scattering. Consequently, incoherent light raises the overall exposure of the hologram but does not form fringes or contribute to the reconstructed wavefront since it cannot interfere coherently with the reference wave. When the phase becomes randomized in time or space, a hologram is no longer formed. Second, the reconstructed image amplitude is enhanced by the presence of the reference wave. This is often called coherent or heterodyne gain. We anticipate that the effects of speckle on image quality will also be reduced because a speckle pattern is formed by the interference of coherent beams with a random distribution of phases. Where phases add, a bright speckle occurs and where phases cancel a dark space between speckles exists. The multiply scattered illumination will form speckles only upon interaction with beams of similar pathlength. The speckle pattern intensity should be reduced for shorter gating times and also for shorter coherence lengths. This "smoothing" effect is observable and is illustrated in experiments discussed below. To illustrate and quantify the process of coherent gain we began by producing an inline hologram and its associated reconstructed image of a 70 µm diameter wire without the additional reference wave. We then added scattering material in the object wave in steps until the signal to noise ratio (S/N) in the reconstructed image was approximately unity, where we considered it below the threshold of utility. Adding an independent reference wave to the hologram increased the S/N above the threshold. By subsequently observing the S/N in the reconstructed image with and without the reference wave we determined that the additional reference wave could improve the S/N by approximately a factor of 10. Consequently, by adding the reference wave we were able to recover the image long after it was no longer visible otherwise. This is illustrated in Figure 5 . We interpret this result as a demonstration of image enhancement by the holography process. This will enhance imaging capability in a highly turbid spray field.
Picosecond digital holography experiments
Adding the picosecond laser and optical Kerr shutter to the holocamera added complexity of timing, system alignment, two wavelength operation, beam separation, and optical Kerr cell optics. The 1.06 µm wavelength is separated and used to open the optical Kerr cell, while the 0.53 µm wavelength is used for the digital hologram. There is ample light intensity to both open the cell and to produce the hologram.
In this system, we used a CANON EOS Rebel XT camera without a lens. The mechanical shutter was open for about 80 ms, and the laser fires every 100 ms (10Hz). Thus, we recorded one pulse by pressing the shutter. The CMOS sensor active area is 22.2 × 14.8 mm and is set at 1728 × 1152 pixels. By using the raw, bitmap images, we have access to 12 bit images, which have an excellent dynamic range for hologram recording and wavefront reconstruction. Since these are color images, we had to employ special algorithms to optimize the image.
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Figure 5:
Recovering an image lost in the noise by using holography and heterodyne gain in the reconstructed image. S/N in the image was observed to be improved by a factor of 10 through the holographic process.
We refined the system and alignment procedures and found that we could routinely get good reconstructed images through the Kerr gate. In the operational state, the Kerr cell-infrared-gating pulse is focused and placed in the focus or Fourier transform plane of the object field imaging system. This enables the gate to act, in addition to its gating function, as a spatial filter. Only the light that passes through the region in the gate opened by the gating pulse is able to pass through the gate.
We calibrated the Kerr gate and demonstrated that carefully adjusted relative beam delays between the object beam and the gating pulse can shorten the effective hologram recording time to a few picoseconds. There are several defining characteristics that will determine the effective exposure time, including: the IR pulse shape and length, the Kerr gate opening and closing relaxation time, and the visible laser pulse length and shape.
The CS 2 Kerr cell relaxation time is about 1.8 ps, representing the limit to shorten the pulse. This represents passing a pulse of 0.5 mm long, which is more than sufficient. The trigger pulse was measured to be about 25 ps, representing a pulse of 7.5 mm, which may still be adequate for a relatively large field study. We demonstrated shortening the effective gating time by delaying the visible (data) pulse so that it hit the gate after it had been open for over 15 ps. So the effective pulse, which is a convolution of the gate transmission and the data pulse, could be pushed to about 10 ps and still pass enough light to form a hologram. Clearly, a femtosecond laser would be much more efficient as the gating laser and would enable us to shorten the pulse by about a factor of 5 with a much smaller system. Figure 6 illustrates some of the measurements we made to characterize the operation of the Kerr gate, which is briefly opened by the passing of the infrared pulse. To estimate the effective gating time for the visible data pulse, we delay the gating pulse relative to the data pulse. Assuming that the laser pulse is Gaussian in shape (and an immediate response by the Kerr cell) then the effective gating pulse width can be estimated by convolving the two Gaussian pulses. By measuring the net energy passed by the Kerr gate as a function of delay time, we can locate the delay that allows the gating pulse and the object wave to arrive at the gate simultaneously, i.e. the maximum energy throughput. In this case, that happened with a delay reading of about 70 ps. This allows essentially all of the object wave to pass through the gate. From this starting point, decreasing the delay by 70 ps allows only the first arriving photons from the object wave to pass, and increasing the delay by 70 ps limits the object wave photons to those arriving last. We determined that this will enable us to achieve pulses as short as a few picoseconds representing a few millimeters in pulse length of the gated object wave. Figure 7 illustrates reconstructed images produced from holograms recorded in the picosecond holocamera through a turbid cell containing a milk emulsion that scattered about 98% of the light from the system. The effective gating time for the Kerr cell is varied by adding pathlength to the gate beam, delaying the time for it to arrive at the gate by 10 ps for each 3 mm of delay.
In Figure 7 (a). the delay is set to allow the passage of the front end of the data pulse, which contains ballistic and snake photons, as well as some scattered light that has not 
The 30 ps gate pulse has almost passed when the data pulse arrives.
Gate is closing.
The data pulse has almost passed when the gating pulse arrives.
Gate is opening.
Gate is open for the entire data pulse. Gate pulse is off and polarizers are parallel.
Figure 7:
Reconstructed images from digital picosecond holograms with varying gate times imaged through a small-particle-emulsion scattering cell. a. the first 10 ps of transmitted light, b. the last 10 ps of transmitted light, and c. all of the transmitted light.
had much pathlength added to it. The gating pulse is almost gone when the object beam arrives at the gate. The gate closed after about 10 ps allowing only the first 10 ps of the object beam to pass. The reconstructed images of crossed wires are clear. In Figure 7 (b) the delay is set to allow only the end of the beam, which contains ballistic photons and more scattered light, which has been delayed by the scattering action. The image in 7(b) is clearly deteriorated and low in contrast.
In Figure 7 (c) the gate remains open for the entire pulse (the polarizers P1 and P2 are parallel), allowing all of the data beam including all scattered light to pass. In this case, the intensity of the signal pulse is stronger and additional ND filters were put in front of the CMOS camera. This image has higher contrast than image (b) in which scattered light is favored, but is clearly inferior to image (a) where noise has been gated out.
To quantify image quality so that we could compare images produced in the various conditions, we scanned sections of the digitized, reconstructed images for a range of cases and gating time delays and devised image quality parameters that we could measure. Because of the nature of such images, defining a simple signal to noise ratio is not straightforward. One of the most useful parameters we have derived is the contrast to noise ratio, which we define as; CNR = (I min -I mean )/ I sd Where: CNR = Contrast to noise ratio I min = minimum intensity inside a wire image I mean = Mean value of the intensity in the regions near the image (the wings) I sd = Standard deviation of the intensity in the wings Figure 8 illustrates a typical scan of images of the type shown in Figure 7 . From such scans we can measure CNR for any part of the images, allowing us to make a quantitative comparison of images, namely, improvements in the image by gating as well as the effects of other conditions on image quality. Figure 8(a) represents the best possible image of a 70 µm diameter wire, since it is produced from a digital hologram made with a CW laser and no additional windows in the system. Adding a liquid cell to the system dropped the CNR from 3.7 to 3.6, not much even though the image looks considerably better without the cell.
The CNR for picosecond recorded holograms compared well with the ideal case as shown in Figure 8 (c), which is an image produced from a digital hologram that recorded the leading edge of the scattered light passing through a scattering cell. The transmitted, unscattered light was less than 2% of the input beam. When compared with the image extracted from the hologram produced with the Kerr cell gate open for the entire pulse, the CNR dropped by nearly a factor of three. In addition, the "smoothing" of the speckle pattern discussed earlier is evident by comparing Figures 8(c) and 8(d) .
In some of the experiments where large polystyrene spheres were used for the scattering medium, the holograms were capable of resolving and locating these in the reconstructed images produced from the digital holograms. In Figure 9 the hologram is shown with various planes of the reconstructed images of the spheres. These can be located in depth to within about one mm.
In "conventional" ballistic imaging, the resulting image is a shadow with only one plane in focus. This is acceptable for larger objects such as filaments and the fuel core, where resolution is not critical as long as the experimentalist can guess where to focus the system within a few millimeters. Digital holography removes the focus parameter
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Probing dense sprays with gated, picosecond, digital particle field holography from the experiment and allows the experimentalist to retain resolution over a volume. This allows locating particles and edges in three dimensions to better than one millimeter. This feature should prove especially useful in experiments where observations of the details of shearing effects to produce aerosols are important.
SUMMARY AND CONCLUSIONS
Gated picosecond digital particle field holography including an optical Kerr cell gate was tested and demonstrated.
1. Digital particle holography can record particle and filament images, in three dimensions, in the desired size range, and resulting holograms can provide high quality reconstructed images with resolution in three dimensions. 2. Digital particle holography can provide improved imaging of particles in a highly scattering environment because it enables various image enhancement and noise reduction procedures. a. Coherence filtering b. Image intensity gain c. Spatial filtering d. Higher resolution over a volume 3. High quality digital particle holograms can be produced with picosecond laser pulses. 4. A digital holocamera can be shuttered with a Kerr cell gate to produce holograms with picoseconds exposure times. 5. Wide angle multiple scattered illumination can be separated from ballistic and "snake" photons through the above processes to improve image quality of particles and filaments in high density sprays. 6. The contrast to noise ratio as defined herein can be improved significantly with this system.
Based on the foregoing research and experimental demonstrations, we conclude that a picosecond gated, digital holocamera can become an extremely powerful diagnostics tool for studying the mechanics of dense sprays in combustion systems.
ACKNOWLEDGMENTS
This work was the result of research sponsored by the Office of Naval Research, under SBIR contract number NOOO14-1O-M-0249. The project officers were Drs. Gabriel Roy and Clifford Bedford.
